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Abstract: A gaseous plasma antenna array (PAA) is an aggregate of plasma discharges and possibly conventional metallic
radiating elements, and it constitutes a promising alternative to metallic antennas for applications in which fast reconfiguration of
radiation pattern, and gain is desired; such properties can be achieved by exploiting the electronic switch on/off condition of
plasma discharges, and tuning of the plasma parameters. Here, the authors present a reconfigurable PAA that features a central
metallic half-wavelength dipole working around 1.45 GHz, surrounded by a planar circular lattice of cylindrical plasma
discharges. Customised plasma discharges have been realised, and filled with argon gas at 2 mbar so as to have a complete
control on the plasma discharge properties (e.g. plasma frequency, collisional frequency). The magnitude of the reflection
coefficient, and the gain pattern on the H-plane have been investigated numerically and experimentally; numerical and
experimental results exhibit a good agreement and show that the central intrinsically omnidirectional antenna can provide simple
beamforming capabilities upon turning on a subset of plasma discharges; as these plasma discharges are turned on, the
authors have observed a maximum gain of ∼5 dBi, a half-power beam width of 80∘, and an angular steering resolution of ∼15∘.
1 Introduction
Plasma antennas have been broadly defined as devices that exploit
plasma discharges and metallic structures to transmit and receive
electromagnetic (EM) waves similarly to a traditional antenna [1];
the distinctive trait of these antennas is the use of a weakly or fully
ionised plasma as conductive medium [2]. Specifically, a single
plasma discharge confined in a dielectric tube can be used as an
active element to build a gaseous plasma antenna (GPA), which
will have a proper radiation pattern when the plasma discharge is
turned ‘on’ and the antenna is driven at a frequency smaller than
the plasma frequency [3]. It has been demonstrated that the
performance of a GPA is equivalent to that of a metallic
counterpart in every respect [4]; however, it can also offer several
advantages such as electronically reconfigurable with respect to
frequency, and gain on time scales the order of microseconds to
milliseconds [5], and being transparent to incoming EM waves
whose frequency is greater than the plasma frequency. Conversely,
when the plasma is ‘off’, the GPA reverts to a dielectric tube with a
very low radar cross-section, thus making such antennas appealing
for stealth communications.
A plasma antenna array (PAA) can be realised by either
stacking GPAs of different type, or combining plasma discharges
that act as passive antenna elements with conventional metallic
elements; this approach allows PAAs to have the above-mentioned
advantages of GPAs; however, it allows them to steer the beam in
the direction of interest, to improve the directivity by adding nulls
to the radiation pattern and to afford multi-beam operation. These
characteristics can be further exploited in smart plasma antennas
(SPA), in which a PAA endowed with smart signal processing
algorithms allows (i) identifying the direction of an incoming
signal, (ii) tracking and locating the antenna beam on a mobile
target, and (iii) steering the beam in the direction of interest while
minimising interferences [6]. In conventional antenna arrays, the
direction and the width of the main lobe is mainly determined by
the relative positions of the elements, the amplitude and
progressive phase difference of the excitation of the elements, and
the resulting radiation pattern. In addition, the PAA radiation
pattern is controlled by the complex dielectric permittivity of the
plasma that depends on the wave frequency ω , the plasma density
n0 , and the neutral background pressure pn  if the plasma is
weakly ionised [7]. Since numerical models have proven
particularly useful to grasp the underlying physics, and to assess
the effect of plasma macroscopic parameters (e.g. plasma density)
on the radiation properties of PAAs [8], different groups have
reported the radiation properties of several PAAs configurations,
namely: (i) the beam-forming and multi-beam operations of an
omnidirectional radiating element that is surrounded by up to 20
plasma discharges [9]; (ii) the reconfiguration capabilities of an
array of monopole GPAs [10]; (iii) the beam-shaping and beam-
scanning properties of a plasma reflectarray [8] (transmitarray [11])
that relies on a planar layer of plasma discharges to reflect
(transmit) the incident fields radiating from a feed antenna.
From a technology standpoint, a plasma discharge confined in a
dielectric tube (e.g. glass) may come in different shapes (e.g.
loops), we can rely on different methods to generate the plasma
discharge, like laser-initiated atmospheric discharge [12], DC/AC
discharges [13], radio-frequency surface-wave plasmas [14], and
pulsed power technique [2]. The efficiency of the plasma
generation method differs (i.e. plasma density reached with a given
power consumption), and can introduce noise; as a result, the
ultimate choice in terms of plasma discharge shape and generation
system is driven by the intended application. So far, experimental
works have reported (i) on the generation of a plasma mirror for
microwave beam steering [15–17], and (ii) on the beam-forming
capabilities of PAAs with a central radiating monopole surrounded
by plasma discharges that are arranged in a circular [18], square
[19], and corner-shaped [20] arrangements. In the above-mentioned
PAA prototypes, the plasma discharges have been made from
fluorescent lamps because they are inexpensive, and no knowledge
of plasma discharge technology is required; unfortunately, this
approach allows to build prototypes with the discharge dimensions
that are available on the market, and, more importantly, no
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information about the gas mixtures and partial pressures can be
inferred, thus preventing any self-consistent analysis of the PAA
performance.
In this work, we present the numerical and experimental
characterisation of a PAA that has been specifically built for the
Galileo navigation frequency band, i.e. from 1.164 GHz up to
1.592 GHz. The PAA prototype comprises an intrinsically
omnidirectional antenna, i.e. a dipole that works in the previously
mentioned frequency band, with a set of plasma discharges; the
resulting device is an electronically reconfigurable antenna that
allows for beam-forming operations by selectively switching on
and off the plasma discharges. Besides, such discharges have been
realised with customised dimensions, filled with argon gas at a
prescribed pressure, and whose plasma density has been measured
by means of a microwave interferometer; using this approach, we
can uniquely determine the plasma electric permittivity for a self-
consistent numerical characterisation of the PAA performance,
which has been performed by means of a well-established integral
equation solver [21]. The rest of this paper is organised as follows,
Section 2 presents the antenna design and the expected
reconfigurable properties, with the antenna prototype description
and the plasma density measurements shown in Section 3. In
Section 4, we discuss the numerical and experimental results
regarding antenna parameters, and radiation properties; finally,
conclusions are drawn in Section 5.
2 Antenna model
In accordance with basic design rules of reflector antennas, which
can be accessed from many antenna reference books (e.g. [22]),
this section presents the model of a plasma circular reflector
antenna in which an array of plasma discharges surrounding a
radiating element effectively establishes a reconfigurable plasma
reflector. Specifically, the antenna consists of a conventional
metallic half-wavelength dipole antenna surrounded by 36 plasma
discharges. To work in the band of interest, the dipole is 90 mm
long, has a radius of 0.5 mm, and a gap of ∼2 mm; the dipole is
placed at the centre of the cluster of discharges, as illustrated in
Fig. 1. 
The plasma discharge is cylindrically shaped, with a height of
100 mm, and a diameter of 6 mm; the dimensions and shape of the
plasma discharges are specifically designed to act as reflectors.
Inside the discharge, the plasma is assumed uniform and it is
confined in glass tubes (i.e. lossy Pyrex) that are 148 mm long,
with an inner diameter that is the same of the plasma discharge,
and a wall thickness of ∼1 mm. To allow for a uniform plasma
generation we have assumed a capacitive generation technique [13]
that relies on two distinct metallic electrodes immersed in the
plasma and placed at the far ends of the glass vessels; specifically,
the hollow electrodes have a length of 20 mm, an inner and outer
radius of 2 and 3 mm, respectively (see Fig. 2). Such dimensions
are readily accessible on the market. The discharges are arranged in
two concentric circles with a radius of 52 and 60 mm, respectively,
based on a preliminary numerical assessment. On each circle, we
have placed 18 discharges that are thus placed 20∘ apart. Note,
instead of one discharge for each angular position, the peculiar
arrangement of two discharges allows a series connection between
the two of them in the PAA prototype, keeps the power supply
lines beneath the dipole, and thus minimise any interference on the
radiation pattern from stray conductors. To provide structural
robustness to the antenna, we have added a cylindrically shaped
base, made of lossy Teflon with a diameter of 180 mm, and a
height of 20 mm. In addition, 36 through holes have been drilled to
allow proper placement of the plasma discharges; specifically, the
tubes have been inserted into the holes in such a way that one
electrode is wholly contained in the base. Finally, another support
of lossy Teflon has been added to keep the dipole aligned with the
axis of the discharge assemble; this support has dimensions of 10 × 
5 × 65 mm3, and it has a through hole of 10 mm in diameter, whose
axis is ∼10 mm from the top face. 
In the PAA model, the plasma inside each discharge has been
assumed a weakly ionised plasma in which the thermal motion of
the ions is ignored, and the electric field intensity of the EM wave
radiated by the central dipole is ‘small’ enough for the electron
density and the spatial distribution to remain temporally constant;
therefore, the plasma response can be represented by means of a
cold fluid model [23] that results in a medium with relative
dielectric permittivity ϵr = ϵ/ϵ0
ϵr = 1 −
ωpe2




ω2 + ν2 (1)
where ω is the antenna angular frequency, ωpe ≡ n0qe2/ϵ0me
1/2 the
plasma frequency, and n0 the plasma density. All dissipation
mechanisms are lumped into one phenomenological collision
frequency ν  that accounts for both charge–charge and charge–
neutral collisions (see [23, p. 105]) that depends on the plasma
density and neutral gas pressure, respectively. Thanks to the
numerical model in Fig. 1, we have identified a plasma density
value of n0 = 4 × 1018m−3 as a compromise that makes the plasma
discharges acting as reflective elements, while being achievable by
conventional plasma generation systems (e.g. inductive/capacitive
discharges [13]).
2.1 Pattern reconfiguration
The array of plasma discharges surrounding the central dipole
effectively shields the unwanted incoming EM waves.
Additionally, windows can be opened in suitable positions to let
outward EM waves through. As a result, the pattern
Fig. 1  Model of the PAA composed of a central metallic half-wavelength,
36 plasma discharges, and Teflon supports
 
Fig. 2  Detailed view of the model of the plasma discharges that are
composed of the cylindrical plasma region, two PEC generation electrodes,
and a glass confinement vessel
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reconfiguration, chiefly the beam-forming and beam-scanning
operations, is based upon the state (on or off) of the discharges, and
the plasma properties thereof as well as the interaction between the
plasma window and the incident EM wave.
To uniquely identify the plasma discharges that are on (off), we
consider the circle where the discharges are placed and number
them counter-clockwise for each angular position (αj, j = 1, …, 18)
starting from the two discharges that are along the dipole-Teflon
line (see Fig. 3); as a result, each angular position identifies two
discharges. Moreover, we have labelled as αj = 1 αj = 0  the two
discharges that occupy the jth angular position, and that are turned
on (off). The operating configurations of the PAA will hence be
referred to as ‘conf-i’ i = 1, …, 20 , see Table 1 for table of
configurations. In the first configuration (i.e. conf-1), we expect the
omnidirectional radiation pattern of the dipole due to the absence
of any plasma discharge; conversely, no transmission/reception
capabilities on the H-plane of the dipole is expected by the last
configuration (i.e. conf-20) due to the presence of a plasma
reflector that shields the dipole. The remaining configurations
show plasma discharges that are ignited at nine angular positions (a
condition that maximises the gain on the H-plane) and allow the
main lobe to be steered in 18 directions, namely: 0∘, 20∘, 40∘, 60∘,
80∘, 100∘, 120∘, 140∘, 160∘, 180∘, 200∘, 220∘, 240∘, 260∘, 280∘, 300∘,
320∘, and 340∘. 
3 Experimental set-up
We have developed the PAA (see Fig. 4) according to the antenna
model of Fig. 1, whose dimensions reflect in the prototype. The
Teflon support structure is made of two circular plates; the upper
plate is meant to house the plasma discharges and the dipole, which
is mounted on a Teflon turret protruding from the centre of the
plate. The lower plate is joined to the upper one by means of four
Teflon columns to provide mechanical robustness and contains the
electrical connectors for the power feed lines. All the elements are
fastened together by means of Teflon screws. We resorted on a
50 Ω coaxial cable to feed the dipole. 
Each plasma discharge comprises a cylindrical Pyrex vessel,
and two cold cathode electrodes with a current rating of 20–30 mA
to ignite and sustain the plasma discharge. The two discharges at
each angular position have been soldered in series, to avoid any
power supply line above the dipole in the effort to keep all the
high-voltage cables below the antenna. The power supply for each
couple of discharges is an electronic ballast that provides a
maximum output voltage of 2 kV at the frequency of ∼19 kHz;
besides, each ballast is controlled by a breaker switch that allows
for secure activation of the plasma discharges. Finally, we have
placed matching capacitors of ∼1.5 nF between the discharges and
the power supply in the effort to increase the efficiency in
generating plasma, and thus achieve the highest plasma density.
Each discharge has been filled with argon at a pressure of 2 mbar
(that has been measured by means of an absolute vacuum dial
gauge with an accuracy of ±5% in the range 0–25 mbar) that
resulted in the target density value for the plasma to exhibit good
electrical conductivity, and thus to reflect the fields radiated by the
dipole.
3.1 Plasma density measurement
The plasma discharges have been characterised in terms of plasma
density. With the aim of mapping the plasma density within the
discharges, we relied on a microwave interferometer, which is
capable of plasma density measurements regardless of the gas type
[24]. The instrument is movable along the axis of the discharge and
measures the average electron density in a plasma slab extending to
the entire diameter of the source (see Fig. 5). This averaged value
of the plasma density is representative of the EM interaction of the
Fig. 3  Frontal view of the PAA with the numbering of the angular
positions
 
Table 1 Operating configurations of the PAA
configuration α1 α2 α3 α4 α5 α6 α7 α8 α9 α10 α11 α12 α13 α14 α15 α16 α17 α18
conf-1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
conf-2 1 1 1 1 1 1 1 1 1 0 0 0 0 0 0 0 0 0
conf-3 0 1 1 1 1 1 1 1 1 1 0 0 0 0 0 0 0 0
conf-4 0 0 1 1 1 1 1 1 1 1 1 0 0 0 0 0 0 0
conf-5 0 0 0 1 1 1 1 1 1 1 1 1 0 0 0 0 0 0
conf-6 0 0 0 0 1 1 1 1 1 1 1 1 1 0 0 0 0 0
conf-7 0 0 0 0 0 1 1 1 1 1 1 1 1 1 0 0 0 0
conf-8 0 0 0 0 0 0 1 1 1 1 1 1 1 1 1 0 0 0
conf-9 0 0 0 0 0 0 0 1 1 1 1 1 1 1 1 1 0 0
conf-10 0 0 0 0 0 0 0 0 1 1 1 1 1 1 1 1 1 0
conf-11 0 0 0 0 0 0 0 0 0 1 1 1 1 1 1 1 1 1
conf-12 1 0 0 0 0 0 0 0 0 0 1 1 1 1 1 1 1 1
conf-13 1 1 0 0 0 0 0 0 0 0 0 1 1 1 1 1 1 1
conf-14 1 1 1 0 0 0 0 0 0 0 0 0 1 1 1 1 1 1
conf-15 1 1 1 1 0 0 0 0 0 0 0 0 0 1 1 1 1 1
conf-16 1 1 1 1 1 0 0 0 0 0 0 0 0 0 1 1 1 1
conf-17 1 1 1 1 1 1 0 0 0 0 0 0 0 0 0 1 1 1
conf-18 1 1 1 1 1 1 1 0 0 0 0 0 0 0 0 0 1 1
conf-19 1 1 1 1 1 1 1 1 0 0 0 0 0 0 0 0 0 1
conf-20 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
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fields that are radiated by the dipole with the plasma discharges,





and is comparable to the discharge radius. Furthermore, the device
response is linear in the 1016 − 7 × 1019m−3 range of plasma density
values, and for a value of discharge diameter from 20 mm down to
8 mm; conversely, corrective factors can be estimated for lower
values of the diameter by means of ray tracing techniques (see
[24]).
We measured the plasma density values at three distinct
positions along the discharge axis, at 10, 50, and 90 mm from one
end of the discharge, assessing the plasma density error by
considering the accuracy in the estimated geometrical parameters
(i.e. the discharge diameter, and the measurement section location)
and the phase noise of the interferometer. The density values along
with the error bars for the two discharges at the angular position
j = 1 have been reported in Fig. 6, from which we can infer a
uniform plasma density along the discharge, and close to the target
density value of 4 × 1018m−3; this holds true for all discharges of
the prototype. As a result, we estimated a representative mean
density value for all discharges (i.e. n0 = 4.8 × 1018m−3). 
4 Results and discussion
To consider the effect of the actual plasma density within the
discharges, we have updated the model of Fig. 1 with
representative mean density value by changing accordingly the
value of the relative electric permittivity of the discharges with the
aid of (1); the results from such a model in the range of frequency
1–2 GHz (henceforth referred to as numerical) have been
compared against the measurements (hereafter referred to as
experimental) that have been obtained by testing the antenna
prototype in an anechoic chamber by means of an Agilent N5230
PNA-L vector network analyser and a wide-band dual-ridge horn,
as reference antenna. To begin with, we have reported the
magnitude of the reflection coefficient (reference impedance
Z0 = 50Ω) of conf-16 (see Table 1 for table of configurations) in
Fig. 7, in which there is an acceptable correspondence between
measurements and simulation results; the discrepancy can be
ascribed to (i) the different value of the plasma density that is
achieved within each discharge, (ii) the presence of a plasma
density profile, though weak, along the axis of the discharge, and
(iii) the uncertainty in the filling pressure of the neutral gas.
Besides, the minimum of the reflection coefficient is approximately
at 1.45 GHz. 
Afterwards, we have considered conf-16, conf-3, conf-7, and
conf-12 (see Table 1 for table of configurations), whose gain
patterns on the H-plane have been reported in Figs. 8–11,
respectively, to prove the PAA capability of scanning the beam
Fig. 4  PAA prototype
 
Fig. 5  Measurement of the plasma density by means of the microwave
interferometer [23]
 
Fig. 6  Measured plasma density values at three different positions along
the axis of the discharge
 
Fig. 7  Magnitude of the reflection coefficient (reference impedance
Z0 = 50 Ω) of conf-16 (see Table 1 for table of configurations) from the
measurement in the anechoic chamber (experimental), and the simulation
(numerical)
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over 360∘ on the H-plane. The peak gain, the main lobe direction,
the half power beam width (HPBW), and the front-to-back (FB)
ratio from the measurements in the anechoic chamber have been
summarised in Table 2, while the same numerically calculated
quantities have been reported in Table 3. The measurements of the
radiation pattern exhibit a satisfactory agreement with the
numerical results, while there are variations in the peak gain, main
lobe direction, HPBW, and FB ratio values that can be attributed to
(i) the non-uniform plasma density inside each discharge, (ii) the
non-identical value in electric permittivity that is realised in
different discharges, and (iii) the complexity of the experimental
set-up, which includes the matching network components, high-
voltage connectors, and the cables to ignite and sustain the plasma
discharges. Despite being lossy, the glass tubes that confine the
plasma discharges have a negligible effect, as assessed by
numerical simulations. 
The lower values in the peak gain can be explained by higher
argon pressure values that are due to the uncertainty in the pressure
measurement process; an increase in the neutral gas pressure leads
to an increase in the collision frequency (see (1)), that in turn leads
to higher losses within the plasma discharge and, ultimately, a
decrease in the gain. In addition, the uncertainty in the
interferometer measurement can justify lower values of the plasma
density within the discharge, that along with the unwanted density
Fig. 8  Gain pattern (g θ  in dBi) on the H-plane at 1.45 GHz from
measurement in the anechoic chamber (experimental), and simulation
(numerical) of the conf-16 (see Table 1 for table of configurations) of the
plasma array antenna. θ angles are measured from x-axis to y-axis (see
Fig. 1)
 
Fig. 9  Gain pattern (g θ  in dBi) on the H-plane at 1.45 GHz from
measurement in the anechoic chamber (experimental), and simulation
(numerical) of the conf-3 (see Table 1 for table of configurations) of the
plasma array antenna. θ angles are measured from x-axis to y-axis (see
Fig. 1)
 
Fig. 10  Gain pattern (g θ  in dBi) on the H-plane at 1.45 GHz from
measurement in the anechoic chamber (experimental), and simulation
(numerical) of the conf-7 (see Table 1 for table of configurations) of the
plasma array antenna. θ angles are measured from x-axis to y-axis (see
Fig. 1)
 
Fig. 11  Gain pattern (g θ  in dBi) on the H-plane at 1.45 GHz from
measurement in the anechoic chamber (experimental), and simulation
(numerical) of the conf-12 (see Table 1 for table of configurations) of the
plasma array antenna. θ angles are measured from x-axis to y-axis (see
Fig. 1)
 
Table 2 Measured peak gain, main lobe direction, HPBW,
and FB ratio of the PAA at 1.45 GHz
Parameters conf-16 conf-3 conf-7 conf-12 Units
peak gain 4.95 4.82 4.82 5.08 dBi
main lobe direction 0 115 180 290 ∘
HPBW 79 80 69 91 ∘
FB ratio 22.7 17.5 16.7 19.4 dB
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profile can justify a suboptimal reflecting behaviour of the plasma
discharges. This reasoning along with the above-mentioned
complexity of the antenna set-up, which has not been considered in
the numerical model (see Fig. 1), can explain the discrepancy in the
gain pattern shape and consequently in the HPBW, the FB ratio,
and the main lobe direction values between the numerical and
experimental results.
Similar considerations hold true for all the configurations
conf-2 through to conf-19 (see Table 1 for reference) that realise
beam-forming operations of the antenna. Regarding the remaining
configurations, numerical simulations point out an omnidirectional
gain pattern of both conf-1 and conf-20 with a gain value of 1.24
and −8 dB, respectively; therefore, plasma discharges in conf-20
act as a sort of shield that attenuates incoming radiation.
To verify the minimal angular step in steering the radiation
pattern, we have considered the antenna configurations conf-14,
conf-15, and conf-16 (see Table 1 for table of configurations), that
are expected to tilt the main lobe towards 320∘, 340∘, and 360∘,
respectively. In Fig. 12, we report the gain pattern of the three
configurations that were obtained from the anechoic chamber; the
results show that the tilt angles are 330∘, 345∘, and 360∘,
respectively, with the peak gain values of 5.12, 5.43, and 4.95 dBi,
respectively. Similarly, the discrepancy between the measured and
expected main lobe directions is due to the suboptimal reflection
behaviour of the plasma discharges, and the complexity of the
antenna set-up. 
5 Conclusion
In this work, we have designed, fabricated, and tested a plasma
reflector antenna that allows to electronically reconfigure the
radiation pattern of a conventional dipole that works in the Galileo
navigation frequency band. The antenna prototype features
customised plasma discharge tubes that have been filled with argon
at a certain pressure and the plasma density has been measured by
a microwave interferometer; this approach allows to determine the
plasma electric permittivity, which has been used in the numerical
model.
The magnitude of the reflection coefficient and the gain pattern
on the H-plane of the analysed configurations exhibit a satisfactory
agreement between numerical and experimental results. These
results confirm that the central omnidirectional antenna can
provide beam-forming capabilities by controlling the subset of
ignited plasma discharges.
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Table 3 Numerically calculated peak gain, main lobe
direction, HPBW, and FB ratio of the PAA at 1.45 GHz
Parameters conf-16 conf-3 conf-7 conf-12 Units
peak gain 7.85 6.95 5.48 7.36 dBi
main lobe direction 0 85 180 290 ∘
HPBW 92 98 80 93 ∘
FB ratio 17.9 18.3 22.5 17.9 dB
 
Fig. 12  Gain pattern (g θ  in dBi) on the H-plane at 1.45 GHz from
measurement in the anechoic chamber of the plasma array antenna
configurations: conf-16, conf-15, and conf-14 (see Table 1 for table of
configurations). θ angles are measured from x-axis to y-axis (see Fig. 1)
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